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Mitchell Postlethwaite
Mentor: Tom Moon

INTRODUCTION
A Variable Frequency Drive (VFD) is a device that uses a modulated DC signal to control a motor. This
can be done in many ways including turning the knob on the front of the device or by using an external
analog signal fed into the VFD.
The VFD (Figure 1.) takes a single-phase AC 120 Volt signal and first inverts the signal to DC and then
modulates this signal. This is then split into three phases and fed into the three phases of an AC motor.
The speed and direction of the motor would be determined by an encoder system. This would then be
turned into an analog voltage that could be read by the DAQ. This would allow Vissim to determine the
speed of the motor and make adjustments as necessary.

Figure 1. Face of the Automation Direct GS2 Variable Frequency Drive.
We plan on controlling the VFD using Vissim which will output an analog voltage through a DAQ. We will
tell the VFD which direction and what speed we want the motor to be spinning and will be monitoring it
through an encoder wheel which will feedback through our system via the DAQ’s inputs. A visual
representation of this can be seen in Figure 2.

Figure 2. Block Diagram of feedback system in Vissim.
This system will feed into the VFD through an op-amp. The vfd will then control the motors speed and
direction which will be read by an encoder chip. This encoder chip will be used to read the speed and
direction of the motor using a D Flip Flop to tell direction and a frequency to voltage (F to V) chip to
determine the speed. This will require a high pass filter located between the encoder and F to V to
eliminate switch noise. The F to V chip would then feed into a voltage divider which will then go back to
the DAQ to be read in Vissim.
A visual representation of this is shown in Figure 3.
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Figure 3. Block Diagram of physical compnents. This includes the VFD, motor, Encoder, F to V chip, D Flip
Flop, and associated op amps.

PURPOSE
The purpose of this project was to design a set up for a lab that would serve as an introduction to
variable frequency drives. The original plan was to have a digital to analog control (DAQ) scheme using a
computer based program such as Vissim to receive an input from a motor and to output a control
system to the VFD to regulate a certain speed or pattern. This would give students a chance to practice
controlling motors with an automated system using feedback which could be useful in many industrial
applications

CONSTRAINTS
Due to the fact that this design is intended for a classroom with students operating the equipment,
safety was the main concern. The spinning motor presents threats to loose clothing and long hair, and
the voltage involved can easily shock someone who isn’t paying attention. Therefore, steps will need to
be taken to protect students from harm.
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This lab is also intended to be done by upwards of 13 groups of students. As such, any cost incurred
would have to be multiplied by 13 to fully implement. So keeping cost low will also be important.
By the same token, any set up or construction would also have to be done 13 times. As a result, keeping
the build as simple, and light, as possible is also of high importance. This is of particular importance as
the motor will likely be quite heavy regardless. So, any pieces attached to it should be as light as possible
to minimize back ache. Also, any pieces that can be bought “off the shelf” will be quite useful as
anything custom built will need to be built many times.

DESIGN PROCESS
VFD AND MOTOR
The first step was to decide on a VFD. For our purposes we would need one that could take a single
phase AC 120V input and control a three phase motor with it. As we are not connecting the rotor to
anything other than an encoder, power could be kept to a minimum. Given this, we wanted the
smallest, lightest motor we could get away with. This would also allow us to use a weaker VFD as it
would not have to provide large amounts of power to the motor. This would keep cost low, reduce risk,
and keep weight to a minimum.
Using these criteria we narrowed our search down to VFD’s from Automation Direct, Omega
Engineering, and Marshal Wolf Automation. We also narrowed our motor choices down to choices from
the same companies. These choices were compared in the following table. Table 1 compares the VFD’s
from the respective companies. Seeing as power, price, and weight are all things that we hope to keep
to a minimum, high values represent poor choices.

Aspect
Safety
Price ($)
Weight
Power (low)
Total

Value

Automation
Direct
VFD

Omega
Engineering
VFD

0.5
1
0.3
9
0.1
5
0.1
5
1
3.70
Table 1. Comparison chart for VFD’s

Marshall Wolf
Automation
VFD
1
4
5
5
2.20

1
8
5
8
3.70

The same process was applied to the VFD’s from these companies. Again, low values for weight, power,
and price are desirable. These values are shown in Table 2.
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Aspect
Safety
Price ($)
Weight
Power (low)
Total

Automation
Direct
motor

Value

Omega
Engineering
motor

0.5
0.3
87
0.1
23
0.1
0.5
1
28.45
Table 2. Comparison chart for Motors.

Marshall Wolf
Automation
motor
201
23
0.5
62.65

224.1
30
0.25
70.26

These tables were then put into a table format to more clearly demonstrate the merits of these devices.
Figure 4 displays the comparison of the VFD’s, and Figure 5 displays the comparison of the motors.

VFD COMPARISON
18
16
14
12
10
8
6
4
2
0
Automation
Direct

Omega
Engineering

Marshall Wolf
Automation

GS1 Series

NFX9000

Hitachi WJ200

Price

Weight

Figure 4. Comparison between possible VFD choices. Again, low values represent a better choice.
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MOTOR COMPARISON
25
20
15
10
5
0
Automation
Direct

Automation
Direct

Omega
Engineering

Marshall Wolf
Automation

Iron Horse

Marathon

OMAT13

Westinghouse

Price Compare

Weight Compare

Figure 5. Comparison between possible motor choices. Again, low values represent a better choice.

This led us to decide upon the Automation direct 0.25 hp GS2 AC micro drive. This would be used to
control a 0.25hp Marathon MicroMAX series AC induction motor. These choices were based on their
relatively light weight, low power, and low cost.

DIRECTION AND SPEED SENSORS
The next step for this project was to design a circuit that could detect the speed and direction of the
motor and relay this information in a way that the computer, through the DAQ and Vissim, could read.
This would involve using an “off the shelf” optical encoder (Figure 6.) that has two output signals that
can be used to determine direction. This design would simply require the construction of a mount to fix
the encoder to the motor to prevent to encoder falling off or simply turning with the motor. This mount
unfortunately would have to be 3D printed and bolted to the face of the motor. This will be time
consuming to produce in sufficient numbers, but the time saved over creating our own encoder circuit,
makes the mount and encoder chip the best option.

6

Figure 6. Encoder (black component in center) shown connected to end of motor.
An example of how you would use to determine direction from the encoders output is shown in Figure
7. In one direction the yellow signal will be leading, in the other direction, the blue signal will lead.

Figure 7. Encoder output with yellow signal leading (left), and blue signal leading (right)

One of these signals is then fed into the frequency-to-voltage (F to V) chip. This chip, pinout shown in
Figure 8, takes a signals frequency and outputs a corresponding voltage. This voltage can then be read
by the control program.
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Figure 8. Pinout for the F to V chip. This takes a frequency from our encoder and turns it into a voltage
that can be read by the computer and used as a feedback.

The first tests with this piece proved unsuccessful due to the fact that the chip needs the voltage it is
reading to cross from a negative to a positive values and vice versa to register the frequency. This
presented a small problem as the encoder merely outputs a 0-5V signal. This problem was fixed with the
addition of an offset/gain circuit using a 741 op amp set up so to give us a gain of 1 and an offset of 2.5V.
With this piece implemented, we then tested it to determine the range of frequencies we could get a
reliable voltage for. We ran the VFD and motor from 0 RPM until the voltage output by the chip would
saturate. These results were tabulated and can be seen in Table 3.
The VFD was being controlled by an analog input controlled by a slider in Vissim. The value of the slider
was then incremented slowly and measurements were taken at each position. As the slider was moved
to full value, the analog signal being sent from the computer, to the VFD, increased as well. This analog
signal voltage level is in the second column of the graph. In the third column is the speed displayed by
the VFD. This is the speed the VFD predicts the motor will be going. While the motor spins, it turns the
encoder wheel. The encoder wheel then outputs a 50:50 duty cycle square wave that peaks once for
every time the motor makes a full revolution. The frequency of this signal was read by the oscilloscope
and this value is shown in the fourth column. In the fifth column is shown the voltage output by the
frequency to voltage chip. It is this voltage that will be fed back into the controlling program (in our case
Vissim) and used to monitor the speed of the motor.
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Input
Output
Speed
As
VisSim
predicted
Frequency
Voltage
Slider
Voltage
by the
Read by Oscilloscope
Output by
Value
Input to
VFD
attached to encoder
Frequency to
VFD
(RPM)
Voltage chip
0.0
0.0
0
0
0.2
0.1
0.2
50
0
0.6
0.2
0.4
80
68
1.2
0.3
0.6
120
97
1.4
0.4
0.8
150
114
1.8
0.5
1.0
190
150
2.2
1.0
2.0
370
300
3.8
1.5
3.0
550
450
5.4
2.0
4.0
720
600
7
2.5
5.0
900
750
8.4
3.0
6.0
1080
900
10
3.5
7.0
1250
1050
13.5
4.0
8.0
1440
1200
13.8
4.5
9.0
1600
1350
13.8
5.0
10.0
1750
1500
13.8
Table 3. Values measured during a full, one direction, run of the motor. The voltage output by the
frequency to voltage chip is shown in the far right column and this will be used to monitor the speed of
the motor during the lab.

As you can see in the table, the encoder and F to V start to saturate at a motor speed of around 1400
RPM. This was deemed acceptable as the point of the proposed lab is to control the motor, not to
maximize its speed. Furthermore, the max speed of the motor is rated at 1800 RPM in either direction,
so keeping the speeds down to around 1100 RPM will likely avoid unnecessary damage to the motor
over extended periods of use. This speed will also be safer for those operating on the equipment as it
would minimize any rotating inertias experienced by the motor and its housing. Additionally, this speed
can be reached in either direction. Therefore we decided that the student being able to control the
motors speed over a span of 1100 RPM in both the clock wise and counter clock wise directions would
be sufficient for educational reasons.
Now that we could now read the speed of the motor, it was now time to build a system to read the
direction of the motor as well. As stated before, the two signals of the encoder chip could be used to
determine the speed of the motor by looking at which of the two signals is leading the other. With this
in mind we set up a D flip-flop (Figure 9.) with one of the outputs of the encoder acting as the clock and
the other output of the encoder acting as the Data input of the D flip-flop.
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Figure 9. Basic D flip-flop schematic
With this setup, while the motor is spinning in one direction the D flip-flops Q output will be a 1. And
while it is spinning in the other direction it will output a 0. Both possibilities are shown in Figure 10. with
the D flip-flop outputting a 1 in the top example, and a 0 in the bottom example.

Figure 10. Input and output of D flip-flip, with a Q value of 1 (above) and 0 (below).
Using this, we can now tell the direction of the motor by whether the flip flop is outputting a 1 or a 0.
We arbitrarily set the clockwise direction as 1, and the counterclockwise direction as 0. To test this, we
set up Vissim to show us the values of the direction bit (output of the D flip flop), and the feedback
voltage value. This feedback voltage allows us to determine the speed of the motor. This would result in
the Vissim display shown in Figure 11.
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Figure 11. From top to bottom: The slider used to control the VFD. The display of the direction of the
motor (shown in the clock wise position). The feedback voltage which will be used to read the speed of
the motor (shown at 5V which indicates full speed).
Due to the technical specs of the on-hand DAQ’s, we decided to use 5V to indicate that the motor is
spinning at 1100RPM in the indicated direction. We also have the slider in Vissim setup to tell the VFD to
go full speed clock wise when the slider is at the 0 position (Figure 5.) and full speed counterclockwise
when it is at the 5 position. To illustrate this we recorded values of the feedback voltage and direction
bit as we stepped from the 0 to 5 position at steps of 0.2. This is shown if Figure 12.
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Figure 12. Values of the Feedback voltage recorded as the slider position is changed from the 0 to 5
position.
As can be seen in the figure above, the relationship between motor speed and voltage is for the most
part linear, regardless of which direction the motor is spinning. With this, we can now read the speed
and direction of the motor in a way our existing control programs and equipment can read and interact
with.
Now that our equipment and instrumentation are working, all that is left is the control software.

CONTROL SOFTWARE
As stated before, we would be using the Vissim control program to control our VFD and motor set up.
This is primarily because all the computers that would be used in this lab have this program on it
already. Therefore, it will not add any cost to the project to license the software, nor any time to teach
the students or Lab T.A.s how to use a new program. Vissim also works well with our existing DAQ’s and
for those reasons, is ideal for this project.
Our initial plan was to use a PID controller in this lab to reinforce the idea of feedback loops to the
students as well as to minimize any damage done to the equipment. However, with the amount of noise
present, any derivative component would likely cause instability, so a PI system was decided upon.
While the VFD gradually changes speed on its own, we prefer greater control over the process so we will
have a PI control in Vissim as mentioned before. This could also be used for educational reasons as the
students could then easily adjust the P and I values and watch the effect it has on the system, this is not
our primary goal however.
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The system we came up with is shown below in Figure 13. This control system has two user controlled
inputs. These are the speed and direction of the motor controlled by the slider and switch in the top left
of the figure respectively. The measured speed and direction of the motor is displayed directly below
these inputs. The speed is displayed numerically by the dipsplay block connected to the RPM – Actual
block. The direction of the motor is displayed by the colored circles appearing below the speed blocks.

Figure 13. Our control system in Vissim. The user controlled inputs are at the top left of the figure and
directly below those set bits are the measurments of the motor. Below these is the actual control and
Feedback system.
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For the sake of ease, Figure 14. Contains this same system with visual aids separating the different
components of the software.

Figure 14. Control system with different elements segregated.

SYSTEM RESPONSE
After we developed the control system, the next step was to determine the systems response to
immediate changes in input. To do this we ran the system and instantaneously changed to direction or
speed input and graphed the change in speed experienced by the motor. First we used only proportional
control, and this result is shown in Figure 15.
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Figure 15. Systems response to input change with only proportional control.
As can be seen in the graph, there is droop present. To remedy this, we implemented integral control.
The results of this can be shown in Figure 10. The values used for this are Kp=2 and Ki=0.5. As can be
seen in Figure 16. this has eliminated the droop and while there is still some overshoot, it is
manageable.

Figure 16. System response with integral and proportional control.
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BUILD
All the electrical components can be placed into a circuit board in a simple way this is outlined by the
schematics in this report. Therefore, this section will focus primarily on the wiring of the motor and
encoder and the mounting of the encoder to the motor.
In order to fix the encoder in such a way as to read the speed and direction of the motor, it had to be
fixed to the end of the shaft such that it would not turn with the shaft. This would require building a
mount for the encoder that attached to the body of the motor using the four screws on the faceplate.
This led us to 3D print a plate to fix to the motor and to a separate piece that would connect to the
encoder at the end of the shaft to hold it in place. While we wished to avoid 3D printing to make
reproduction as easy as possible, we could find no way around this.
This system would also allow us to easily build a protective case around the moving parts while leaving a
clear plastic window to see the moving parts. Designs for the motor and encoder mount are shown in
Figure 17 and 18 respectively.

Figure 17. Solid Works design for motor mount.
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Figure 18. Solid Works Design for encoder mount with recessed space for encoder.
These two elements would then be connected with bolts to the motor and to each other. These pieces
mounted to the motor are shown in Figure 19.

Figure 19. Motor with mounts connected. Notice the wires coming from the bottom of the encoder.

All the components assembled are shown in Figure 20. Notice there is still no protective case around the
motors shaft. This is the only component not present in this picture and it is absent strictly for
demonstration reasons.
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Figure 20. VFD, motor, encoder, and instrumentation circuit assembled.

SCHEMATIC OF SPEED AND DIRECTION SENSING SYSTEM
Because a picture is worth a thousand words a schematic of the system we have built can be seen in
Figure 21. As can be seen below, the encoder wheel outputs are fed into the frequency to voltage chip
and into the D flip- flop. Only one of these outputs needs to go into the frequency to voltage chip, so the
A channel is shown being used for this as it is easier to depict. Both outputs must go to the D flip-flop,
however. This is due to the fact that one of the outputs is acting as the clock and the other output is
used as the normal data stream.
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Figure 21. Our speed and direction sensing system. The D flip flop is outputting a 1 or 0 that will be used
to indicate direction. And the output of the F to V chip can be correlated to the speed of the motor.
With this system the speed and direction of the motor can be read and transmitted to a computer
control system via the DAQ. Once this system was built and tested, our build was complete.

BUDGET
As stated before, any cost incurred during the design would need to be multiplied by the number of lab
stations. Given this, the budget for the project was placed at $500. The two most expensive components
would be the motor and VFD. Along with these we would also need the encoder as described earlier and
a braking resistor was added to decrease the time it took the motor to come to a complete stop. A fuse
kit was also added to power the VFD to prevent damage to both the VFD itself, as well as the electrical
systems in the building. All of these costs came out to $415.62, well under our $500 budget. These
values are also shown on Table 4ss.
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Component

Cost

VFD

$156.00

Motor

$152.50

Fuse Kit

$35.00

Braking Resistor

$48.50

Encoder

$23.62

Total

$415.62
Table 4. Cost expenditures of the project

TIME TABLE
The time table for this project is as shown in Figure 22. Seeing as how this was for a class and the
deadline for its completion was determined in advance, we had a pretty good idea of when we had to
have things done by. As such, we had our work order laid out from the beginning and it was therefore
easy to stick to.

VFD Project Work Order
25-Sep

14-Nov

3-Jan

Design
Spec Parts

Task

Order Parts
Build and Test
Demo
Report
Poster
TechXpo
Figure 22. Project Time Table
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22-Feb

13-Apr

2-Jun

APPENDIX A
SET UP OF THE VFD
In order to set up the VFD for the purposes of this lab you will start by pressing the program button until
the screen displays the correct number next to a P, for example P1.00. Then you will use the arrow keys
to scroll through the last two digits. Hitting the up arrow once will give you P1.01, twice will give you
P1.02, etc.
Then you will hit enter once you reach your desired setting, in this case P1.02
Once you have done this you will be able to change the parameter value. This will be done with the
arrow buttons and once you have the desired value you will hit enter again. For example, for this lab,
you will press the up arrows until the screen displays 10, then you will press enter, and that parameter
will be set. In this case, the parameter is deceleration time.
You will repeat this until all the values match the ones shown below in Figure 23.

Figure 23. Parameter settings of the VFD
Once this is done, the VFD is ready to go.

On the following pages contains a list of parameters and the associated code to manipulate them. These
tables are taken from Chapter 4 of the owner’s manual.
The
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symbol indicates that these settings can be set during the RUN mode.
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25

26

27

28

29
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APPENDIX B
EQUATIONS USED IN VISSIM
To control our VFD we used a slider in VisSim. We set the slider to go from the 0 to 100 position. This
would correspond to a DAQ output of 0 to 5 volts. This would then cause the motor to go from 1130
RPM in the clockwise direction, to 1130 RPM in the counter clockwise direction. This can be seen in
Table 5.
Slider Position (in %)
0
50
100

Voltage Output of DAQ (V)
0
2.5
5

Motor Speed and Direction
1130 RPM Clockwise
0 RPM
1130 RPM Counter Clockwise

Table 5. Slider Position and the control voltage and motor speed.
The relation of speed to voltage is described in this equation
𝑉𝑟𝑎𝑛𝑔𝑒

𝑉𝑜𝑢𝑡 = 𝑆𝑝𝑒𝑒𝑑 𝑅𝑎𝑛𝑔𝑒 ∗ 𝑀𝑜𝑡𝑜𝑟 𝑆𝑝𝑒𝑒𝑑

5−0

𝑉𝑜𝑢𝑡 = 1130−(−1130) ∗ 𝑀𝑜𝑡𝑜𝑟 𝑆𝑝𝑒𝑒𝑑

This then turns into
𝑽𝒐𝒖𝒕 = 𝟎. 𝟎𝟎𝟐𝟐𝟏 ∗ 𝑴𝒐𝒕𝒐𝒓 𝑺𝒑𝒆𝒆𝒅
To control the speed in two directions, the output of the D flip-flop, the direction bit, was used to
multiply the motor speed variable by -1 when the motor was spinning CW, when the direction bit was
high. This was then offset by 2.5 volts so that the output voltages would be centered around 2.5 Volts.
This worked in practice like this (Table 6.)

Clockwise
𝑉𝑜𝑢𝑡 = 0.00221 ∗ (−1) 𝑀𝑜𝑡𝑜𝑟 𝑆𝑝𝑒𝑒𝑑

Counter Clockwise
𝑉𝑜𝑢𝑡 = 0.00221 ∗ 𝑀𝑜𝑡𝑜𝑟 𝑆𝑝𝑒𝑒𝑑

Table 6. Final Equations for output of DAQ
Next, this voltage was converted to a percent range (Prange) with the following equation
Range

Prange = (Vout) ∗ Vrange

Prange = (Vout) ∗

Which simplifies to
𝐏𝐫𝐚𝐧𝐠𝐞 = (𝐕𝐨𝐮𝐭) ∗ 𝟐𝟎
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(100−0)%
(5−0)𝑉

Plugging in the value for Vout, this becomes
𝐏𝐫𝐚𝐧𝐠𝐞 = 𝟎. 𝟎𝟒𝟒𝟐 ∗ (𝐌𝐨𝐭𝐨𝐫 Speed) + 50
And taking into account for direction
Clockwise
Prange = 0.0442 ∗ (−1) ∗ (Motor Speed) + 50

Counter Clockwise
Prange = 0.0442 ∗ (Motor Speed) + 50

EQUATIONS USED IN FEEDBACK LOOP
To get the speed of the motor from the feedback voltage, the voltage was put through this equation
Speed = Feedback Voltage ∗

1130 − 0
5 − 0V

Which becomes
𝐌𝐨𝐭𝐨𝐫 𝐒𝐩𝐞𝐞𝐝 𝐀𝐜𝐭𝐮𝐚𝐥 = 𝟐𝟐𝟔 ∗ 𝐅𝐞𝐞𝐝𝐛𝐚𝐜𝐤 𝐕𝐨𝐥𝐭𝐚𝐠e
With this we can display the actual speed of the motor and compare it to the desired speed.
The motor speed is sent into our control loop along with the direction bit and is used to monitor the
motor’s current state.
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